Abstract:The aim of this study is to evaluate the machinability of four CAD/CAM materials (n = 13) assessed by brittleness index, Vickers hardness, and fracture toughness and interaction among such mechanical properties. The materials selected in this in vitro study are Feldspathic ceramic [FC], Lithium-disilicate glass ceramic [LD], leucite-reinforced glass ceramic [LR], and nanofilled resin material [RN]. Slices were made from the blocks following original dimensions 14 x 12 x 3 mm (L x W x H), using a precision slow-speed saw device and then surfaces were regularized through a polishing device. Brittleness index and fracture toughness were calculated by the use of specific equations for each one of the properties. The Vickers hardness was calculated automated software in the microhardness device. One-way Anova and Pearson's correlation were applied to data evaluation. LD obtained the highest values for brittleness index and was not significantly different from FC. LR presented statistically significant difference compared with RN, which had the lowest mean. Vickers hardness showed LD with the highest average, and no statistical difference was found between FC and LR. RN presented the lowest average. Fracture toughness showed FC and LR not statistically different from each other, likewise LD and RN. The brittleness index, considered also as the machinability of a material, showed within this study as positively dependent on Vickers hardness, which leads to conclusion that hardness of ceramics is related to its milling capacity. In addition, fracture toughness of pre-sintered ceramics is compared to polymer-based materials.
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Introduction
The ongoing pursuit of excellence in aesthetic and prosthetic rehabilitation has resulted in the need to study numerous parameters. Among all factors that can influence rehabilitation; material's mechanical properties, restorations marginal fit and the cementing process 1, 2, 3, 4, 5 are important keys to achieving success. For a long time gold was the preferred material for indirect restorations due to adaptation characteristics, Declaration of Interests: The authors certify that they have no commercial or associative interest that represents a conflict of interest in connection with the manuscript.
The accuracy of how well the prosthetic crown fits the dental preparation is one of the important determinants of rehabilitation success. The computeraided-design and computer-aided-manufacturer (CAD/CAM) technology has enormous advantage in manufacturing precise restorations. This technology reduces the distortions caused by standard methods and eliminates numerous laboratorial phases that could be complicating factors during the manufacturing process. 8, 9, 10 Dental ceramics and polymer-based materials can be easily fabricated with CAD/CAM technology, with desirable properties due to adequate environment where it is produced. 10, 11, 12 CAD/CAM technology provides powerful restoration and conservative preparation; however, for best performance the materials should be chosen during the treatment planning. 5, 11, 12, 13 The digital system allows preparations that are less complex and also less invasive; in addition, it provides the same strength of other treatment options. 14, 15 Studies have shown unexpected behavior like the higher fatigue resistance of polymer-based materials when compared with that of ceramics. The flexural modulus of polymer-based materials is very similar to that of dentin, which creates a single body in regarding mechanical behavior, and consequently polymer-based materials can be widely used. 11, 16, 17 Missing is a clear gap between CAD/CAM interactions of materials' machinability and their characteristics like marginal fit after such mechanical tests as static and dynamic loading. These interactions are indispensable to clinical performance conclusions. 12, 18 However, the influence of fatigue and discrepancies on marginal integrity are reported for all-ceramic and gold restorations, with acceptable margins. 5, 6, 11, 17, 18 The first mention in literature for brittleness index 19 combined the results with marginal chipping factor (CF), which can be calculated only after the crowns have been milled. Ceramics have a higher brittleness index when compared with composite materials. Although some of the materials reported in the literature are no longer available, new materials have been developed in recent years. 20, 21 Furthermore, tests that predict the brittleness of a material before milling can be more relevant for clinicians. 22, 23 The chemical composition of CAD/CAM materials tested in previous in vitro studies 19 led to the hypothesis that CAD/CAM polymer-based blocks may have a better clinical performance than ceramics. It is necessary, however, to conduct a deep analysis of others aspects of mechanical properties. The purpose of our investigation is to satisfy this necessity by considering the brittleness index as an important aspect of aesthetics materials and its possible interactions with other properties.
The different compositions of ceramic materials affect their mechanical properties, such as flexural strength, fracture toughness, fracture resistance, hardness, and, the main property to be investigated in this study, brittleness index. The CAD/CAM technology brings in new concepts and the necessity of new methods to predict the longevity of restorations that use machinable materials regarding susceptibility to cracks, voids, and flaws. The aim of this study is to measure the brittleness index, Vickers hardness, and fracture toughness (K Ic ) of several CAD/CAM materials used with the digital system and to assess their interactions in order to better understand the behavior of the materials. The null hypothesis is that there is no correlation between the properties tested.
Methodology
Fifty-two specimens were prepared using a CAD/CAM milling unit (CEREC MC XL Sirona, Bensheim, Germany). The blocks used after milling the crowns were divided into four groups (n=13 each). The materials selected for the research were feldspathic ceramic (FC) as a control group, lithiuim disilicate glass ceramic (LD) in its intermediate phase, leucite-reinforced glass ceramic (LR), and nanofilled resin material (RN). The materials compositions, manufacturers, batch number, and flexural strength provided by the manufacturer are in Table 1 . The blocks surface was regularized using a slow-speed diamond saw (Isomet 4000, Buehler, Lake Bluff, USA), and all blocks had an approximate 3.0mm of ceramic thickness with length and width kept as original for each material block (approximately 14 mm and 12 mm, respectively). Their surface having been planned, with a grinding and polishing device (Metaserv 2000, Buehler, Lake Bluff, IL, USA) equipped with sandpaper cooled by water (3M ESPE, St. Paul, USA), the specimens were sequentially polished with #180, #250, #360, #400, #600, #800, #1200, and #1500. In order to create the ideal smooth surface for proper data acquisition by the microhardness machine, specimens were additionally treated with a sequence of a 1μm and 0.5μm polish diamond paste (Buehler, Lake Bluff, USA) in combination with the #1500 grit sandpaper. Specimens were then cleaned by ultrasonic water bath (Boekel Analog Model 139400, PA, USA) for fifteen minutes and air-dried.
For both tests, each specimen surface was divided in four quadrants. On each quadrant, several 49N load (P) indents with loading time of fifteen seconds were made using a Vickers hardness machine (W-402MVD Buehler -Lake Bluff, USA) at room temperature; until two acceptable indents per quadrant were selected totaling eight measures per sample and 104 per material. The following criteria was considered to have the two ideal measurements: brittleness (a) all cracks emanated from the corners of indent; (b) presence of only four radial cracks; (c) no crack chipping and; (d) no crack branching; Vickers (a) clean and visible indents; (b) no chipping around diamond indents. 19 The brittleness index was calculated by measuring the crack along the vertex of the indentation in the same direction as the diagonal one. Because the cracking growth is time dependent, readings were made after 30 seconds. Using the microhardness tester, two-lines markers visible on the lens were positioned on both ends of the crack. Measurements were made and calculated by equation one:
On the equation (1) above, B is the brittleness index in μm -1/2 ; P is the indentation loading (N), γ is the constant value equal to 2.39N 1/4 /μm 1/2 ; C is the diagonal one and; α is the crack length diagonal one in μm.
Vickers hardness was calculated by measuring the diagonal one and two distances and analyzed by the micro hardness software on the tester machine.
Twenty new specimens from each one of the materials described in Table 1 were fabricated measuring 14 mm of length by 3 mm of height and 2.5 mm of width. To the specimens a notch with a relationship of 1 to 3 was done along the 3 mm height. The protocol for specimen's preparation and the notch is described in Porto et al. 25 The specimens were submitted to a three-point bending test (Test Resources, Shakopee, MN, USA) at a cross-head speed of 0.5mm/min until fracture. The fracture toughness was calculated with the same method described by previous publications. 25, 26, 27, 28 To identify the loading distribution on the specimens with the notch and the influence of such loading on the mechanical behavior, two calibrated 100mm macro lenses F2.8D (Tokina, Tokyo, Japan) were positioned on tripods. The cameras were connected with the software VIC Snap 8 and VIC 3D (Correlated Solutions, USA) to analyze the specimens in real time during the loading. The specimens were sputtered with a white ink and black ink speckles in order to the calibrated macro lenses identify the surface loading distribution. During the three-point bending test around one hundred and fifty pictures were taken. Two pictures were chosen from each material, one 
Results
The statistical analysis associated with materials' Vickers hardness and comparing the four different types of materials are reported in Table 2 . A Levene's test for homogeneity of variances was used (p < 0.05) and not satisfied, also Shapiro-Wilk's test (normality distribution) -(p < 0.05) and a visual inspection of their histograms, normal Q-Q plots, and box plots showed that the Vickers hardness of each ceramic is normally distributed.
For the Vickers hardness (VH) test, one-way ANOVA was performed and showed statistically significant differences among the samples (p < 0.05). The Games-Howell post-hoc test showed statistically significant difference among ceramic materials by multiple comparisons (p < 0.05). LD (6.84 ± 0.16) was significantly higher than all other groups, while FC (5.97 ± 0.22), was not significantly different from LR (5.74 ± 0.20), and RN (1.02 ± 0.06) was significantly lower than all other groups.
The brittleness index testing for each ceramic group was calculated by using the measurement of the loading indentation and cracking along the vertex. The descriptive statistics with materials' brittleness index are reported in Table 3 . The Levene's test for homogeneity of variances was applied (p < 0.05) and not satisfied; also Shapiro-Wilk's test (normality distribution) -(p < 0.05) and a visual inspection of their histograms, normal Q-Q plots, and box plots showed that the Vickers hardness of each ceramic is normally distributed. One-way ANOVA was also performed for the brittleness index and showed statistically significant differences among the materials (p < 0.05). Games-Howell post-hoc test showed statistically significant difference by multiple comparisons (p < 0.05). The LD (2.54 ± 0.17) was not found to be statistically different from FC (2.31 ± 0.11); however, both materials were statistically significantly higher than LR (1.77 ± 0.11) and RN (0.91 ± 0.03).
Because Vickers hardness and the brittleness index are both dependent variables, Pearson's correlation was used and showed a statistically significant relationship between both dependent variables (p < 0.05). There is a significant positive relationship involving Vickers hardness and the brittleness index (r [50] = 0.93) (Figure 1 ).
After assumptions of homogeneity and data normally distributed one-way ANOVA was applied to K Ic . Statistically significant differences were found and can be observed, with the means and standard deviations in Table 4 
Discussion
The purpose of this study is to investigate a nd evaluate the brit tleness i ndex a nd the relationship with Vickers hardness, in addition the fracture toughness (K Ic ) of different CAD/ CAM materials, as well as the correlation between these measurements. The developments of CAD/ CAM technology combined with the new ceramic materials specifically designed for this technology are attracting the curiosity of many researchers. 5, 9, 10, [29] [30] [31] The principles of chair-side CAD/CAM are becoming increasingly accepted among clinicians and universities, changing the common way of learning indirect restorations and providing access to their application by more professionals in their practices. 10, 32, 33, 34 A new skill is becoming of major importance for future dentists, improving their competence and ability to do digital restorations. Furthermore, the mechanical properties of recent CAD/CAM materials demand knowledge and familiarity from clinicians. 10, 19 The behavior of a variety of CAD/CAM ceramics is being introduced in new concepts such as materials' machinability, which is still not so well defined. The combination of inappropriate preparation design and the chosen materials can decrease the restoration longevity.
The first null hypothesis, that there is no correlation between properties tested, was rejected. As a result of The results also suggest that materials with high values of Vickers hardness will perform badly when they are combined with CAD/CAM technology.
The first research to discuss the relationship of brittleness index and other CAD/CAM mechanical properties has raised some significant questions regarding the use and the consequences of machining process. 19, 20, 21 The proposal of considering chipping factor is reliable and can predict the materials' machinability; however, the chipping factor can be measured only after milling. 19 Determining the relationship between the brittleness index and other mechanical properties will lead the researchers to better understand the brittleness index as well as the behavior of CAD/CAM materials. The brittleness index can indicate the susceptibility of these materials to premature edge chipping. 19, 20, 21 Furthermore, as previously mentioned by other author polymer-based CAD/CAM materials has a lower hardness compared to ceramic materials, 23 which is in accordance with the results found in this in vitro study. Also a linear relationship can be established in between the milling and the materials hardness, which is predicted by the Archard wear equation. 23 So not only a faster milling is possible but also polymer-based CAD/CAM materials will offer less resistance. Furthermore, the same positive relationship found between the chipping factor (CF) and BI 19, 22 was also found between the BI and Vickers hardness. Even though it seems that the materials hardness could be another predictable of machinability, it should be always associated with other mechanical property. Finally polymerbased materials will have a great advantage of producing smoother margins that of will reduce the edge chipping and marginal discrepancies. 19, 22, 23 Our findings can be supported by the increased chipping factor, 19 on the ease of milling, 23 and the Pearson's correlation, which is 0.93.
CAD/CAM technology needs easy and simple prediction of machinability. The factors that are not easy to predict are tool wear, chipping control, machining and energy forces, and surface finish and integrity, because they can be checked only after manufacturing and qualitatively analyses.
9, 10, 29 Due to application of the modern way of manufacturing ceramic restorations, quantitative analysis is extremely necessary to assess the purpose of new materials.
Recent data regarding fracture resistance, calculated by the thickness of the CAD/CAM 11 restorations for posterior teeth, have shown results that are comparable with our findings. The fracture resistance of nanofilled resin material was higher than that of lithium disilicate glass ceramic at a thickness of 0.5mm; however, when the thicknesses were increased to 3.0 mm, they had opposite results. 10, 35 A strong positive linear relationships between the thickness and fracture load for lithium disilicate glass ceramic was observed. As the thickness of lithium disilicate glass ceramic was decresead, the fracture resistance was also decreased. 10 Our findings show that LD with the highest level of brittleness index, when compared with the poor performance of fracture resistance at reduced thickness, should have specific indications. Despite these indications, lithium disilicate glass ceramic is still one of the best-performing materials when used correctly.
The strong positive relationship found between the brittleness index and Vickers hardness leads to the conclusion that harder materials are the most sensitive to fracture. In addition, previous studies showed that fracture resistance is affected by the occlusal thickness of ceramic and composite crowns. 36, 37 Occlusal thickness might lead us to define which materials should be used in determined clinical situations.
Fracture toughness (K Ic ) that of lithium disilicate glass ceramic has a lower resistance in a pre-sintered phase which is comparable to nanofilled resin materials. 28 Furthermore, a relationship between hardness and K Ic (VH/K Ic ) which could be another simple approach of brittleness as described by Lawn and Marshall 21 has shown lower values for lithium disilicate compared to feldspathic ceramic and leucite-reinforce glass ceramic (Table 2) . Conversely, to the brittleness index (MPa.m 1/2 ) and fracture toughness presented in Tables 2. The lower value indicates less brittleness. Within the materials tested the nanofilled resin material on both brittleness calculations presented the lowest values indicating less brittleness. Despite the linear relationship only for three of the four materials tested on both methods the authors believe that the discrepancy for lithium disilicate glass ceramic is due to a plastic behavior. Such plastic behavior could be to the presintered phase which the material is presented before milling. The brittleness index measured analyzing the cracks size after the indentation is closer to the reality of the material in terms of machinability compared to the simple approach of VH/K Ic . The assumptions can be made based on the results previously published [19] [20] [21] 23 in comparisons with the data acquired within this study.
The milling process of CAD/CAM technology can cause inner flaws, voids and cracks; as we can see on Figures 2-5 , the concentration of loading around a pre-crack is much higher in ceramics than in composite materials. Furthermore, the literature implies the possibility of radial cracking mode for thin ceramics. 25, 38, 39, 40 Bulk properties will be significant for ceramic materials only at 2.0mm of thickness, 35 however, because of such great mechanical properties, dental ceramics can be use below that thickness.
Hardness is defined as the resistance to a permanent surface indentation. As a consequence of the resistance, ceramics hardness influences polishing procedures, wear resistance, and machinability. 41 The brittleness index also has a strong positive connection with the hardness property, causing it to be one of the most important features to be analyzed before choosing a restorative CAD/CAM material. Despite the positive relationship found between Vickers Hardness and BI and within the limitations of this in vitro study Vickers hardness cannot predict the fragility of such materials, however, as mentioned above and supported by previously publications it seems that polymer-based materials produce better margins after milling procedures.
Currently, CAD/CAM restorations are not always successful because of overall materials' characteristics and complex restorations which are continual difficulties that every clinician is faced with. In this study, we find that an important mechanical property, such as the brittleness index, can make a real difference into the daily clinical application of these materials. Our findings should be eventually tested with different in vitro experiment, such as crown fracture resistance or fatigue, in order to develop a better understanding of the materials' behavior.
Conclusion
Based on the limitations of our findings of the Brittleness index and its relationship with Vickers hardness, the following conclusions were drawn assuming the load used to calculate: a. There is a high and positive relationship between Brittleness index and Vickers hardness, which is above of 85%. In addition, materials with higher BI are more susceptible to chipping; b. Based on our findings is possible to affirm that materials, which possess elevated hardness, are more susceptible to chipping that may lead to inner cracks and flaws; c. Milling procedures must be controlled in order to avoid premature edge chipping even though the materials are not being stressed to its maximum capacity; d. The fracture toughness of CAD/CAM materials is not related to materials' milling capacity.
